A series of melts with carbon content 1.38-4.16 % and that of vanadium 5.25-15.50 % was made. The Xray diffraction of the examined alloys revealed the presence of three phases, i.e. ferrite, alloyed cementite, and VC x carbide. The relationships between the content of carbon and vanadium corresponding to eutectic structure (the eutectic line) as well as the degree of eutectic saturation S c were determined. Besides eutectics, the high-vanadium cast iron holds the following constituents in its matrix: alloyed ferrite, granular pearlite, and lamellar pearlite as well as a mixture of alloyed ferriteϩgranular pearlite, granular pearliteϩ lamellar pearlite. The results show that passing from ferritic matrix through granular pearlitic and to lamellar pearlitic matrix, hardness HB, tensile strength R m , and yield strength R 0.2 , increases while plastic properties of alloys represented by elongation A 5 decreases. The wear behaviour of alloys was tested in two different modes "specimen-abrasive paper" test (P1) and "specimen-counterspecimen" test (P2). The results obtained in test P1 are following: a) alloys with ferritic matrix and of the lowest hardness (182-189 HB) are characterised by the lowest abrasion wear resistance (sϭ3.14-3.93 mg/m), b) in alloys with a pearlitic matrix and hardness in the range of 387-416 HB the abrasion wear resistance is comparable to that of Hadfield cast steel (about sϭ2 mg/m) and c) cast iron with lamellar pearliteϩgranular pearlite matrix and hardness 322 to 401 HB gives the highest abrasion wear resistance of sϭ0.24-0.62 mg/m. In general, it can be stated that the abrasion wear in test P2 is higher than in test P1.
Introduction
Owing to its very good utilisation properties, cast iron remains the alloy most popular and subject to continuous development. Because of growing demand from the users of this material, the research until now has been focussed mainly on finding new grades of cast iron, always offering better mechanical and utilisation properties. The parameters that are most often changed and optimised are: physical and chemical properties in the liquid state, heat treatment of cast iron, and various alloying additives introduced to cast iron. The first trend in the research has brought a development of high-quality cast iron grades, like inoculated cast iron, cast iron with nodular graphite, and cast iron with vermicular graphite. The second trend has resulted in fabrication of cast iron with ausferritic matrix. The third trend is an attempt to solve the problem of various alloying additives that, while introduced to cast iron, can change its matrix or graphite morphology, or affect in some way the crystallisation of different carbides. The final outcome is always changing of the mechanical and utilisation properties of cast iron. One of the alloying elements that can serve this purpose is vanadium. There are only some works on the Fe-C-V systems, [1] [2] [3] [4] nucleation of vanadium carbides 5) and structure of Fe-C-V alloys. 5, 7) Until now, however, the effect of this element on the utilisation properties of cast iron has remained unclear. This fact sets the goal of the present work, which is fabrication of Fe-C-V alloys characterised by different chemical composition, analysis of their structure, and testing of their mechanical and wear resistance properties.
Methodology
A series of melts with carbon content changing in the range of 1.38-4.16 % and that of vanadium in the range of 5.25-15.50 % was made in a BALZERS (VSG 02) vacuumtype, induction furnace under argon used as a protective atmosphere. The charge for melting had the following composition: ferrovanadium with 81.7 % V, Armco iron, and spectrally pure graphite. After melt overheating to a temperature of 1 700°C, foundry moulds were poured, producing rectangular test blocks (14ϫ50ϫ120 mm) fed from a large feeder. Moulds were made from loose, quick-setting sands with sodium silicate. From lower part of the test blocks, free from any casting defects, the test coupons were cut out to be used next in mechanical tests and metallographic examinations. The solidification temperature of the primary phases and eutectic was determined by thermal analysis on a Pt-PtRh10 thermocouple. Digital temperature recording was made on a Hewlett-Packard 34970A multichannel electronic module. From the plotted cooling curves the values of the following parameters were recorded out: T i -pouring temperature, T a -austenite liquidus temperature, T m -minimum temperature at the onset of eutectic solidification, T b and T e -the the beginning and the end of eutectic solidification temperature. X-ray examinations of the fabricated alloys were made using a Philips X-ray diffractometer. The measurement control and data processing were carried out by a computer system using APD program made by Philips and a JCPDS crystallographic database. The metallographic examinations were made on a LEICA MEF4M optical microscope at magnifications of 100ϫ, 250ϫ and 500ϫ. The planar microstructure of eutectic alloys can be characterized by the grains count N F (cell density), which gives the average number of eutectic grains per unit area. The N F parameter was determined by means of the, socalled variant II of the Jeffries method, and applying the Saltykov formula as an unbiased estimator for the rectangle S of observation 8) ......................... (1) where: N i is the number of eutectic grains inside S, N s is the number of eutectic grains that intersect the sides of S but not their corners, F is the surface area, and S is measurement rectangle.
The unetched specimens were also examined under a JEOL 5500LV scanning microscope using secondary electrons (BEC). Due to this it was possible to distinguish between the vanadium carbides and other phases, the presence of which blurred to some extent the metallographic analysis. To examine in more detail the geometry of individual phases, the specimens were deep-etched with aqua regia and examined under a scanning microscope. The percent content of structural constituents was determined on a LEICA QWin automatic image analyser. The percent content of vanadium carbides and of the austenite dendrites transformed into ferrite was determined from photographs taken under the scanning microscope in BEC system at a large magnification. The content of the remaining structural constituents was determined from photographs taken under the optical microscope on etched specimens at a magnification of 250ϫ. Based on the results of the metallographic examinations, a group of specimens was selected which were next subjected to static tensile test on an INSTRON type machine using an extensometer operating at a rate of 0.01 cm/min. From the plotted curves the following parameters were determined: yield strength R 0.2 , tensile strength R m and unit elongation A 5 . The wear behaviour of vanadium alloys was tested in two different modes. The first "specimen-abrasive paper" test (P1) consisted in rubbing a 6ϫ6ϫ7 mm specimen made from the examined vanadium cast iron against a 60 corundum abrasive paper. The path of the specimen abrasive movement during one cycle was 40 m; the loading force was 10 N. Four abrasion cycles were applied to each specimen, determining each time the weight loss at an accuracy of up to 0.001 g and calculating next the mean abrasion wear coefficient, sϭweight loss/path of the specimen movement. The second "specimen-counterspecimen" test (P2) used the principle of a reciprocating motion. A mandrel of 3ϫ17 mm dimensions made from the abrasion-resistant Hadfield cast steel was moving along a path of 6 mm/cycle. For each specimen 30 000 cycles were performed, and then the weight loss was determined and the abrasion wear coefficient was calculated.
Results and Discussion

X-ray Diffraction
The X-ray diffraction of the examined alloys (e.g. Fig. 1 ) revealed the presence of three phases, i.e. alloyed ferrite and cementite, and VC x carbide. Table 1 gives the chemical composition of high-vanadium cast iron with structure description and content of the alloying constituents present in cast iron matrix as well as mechanical properties. Besides eutectic, depending on the C/V ratio (where C, V -content of carbon and vanadium in the cast iron, respectively, %) in high-vanadium cast iron, the presence of the following structural constituents has been detected: 1. alloyed ferrite ( Fig. 2(a) ( Fig. 2(d) ) alone, when the value of C/V ratio is above 0.2, 3. alloyed cementite (Fig. 2(e) ), when the value of C/V is above 0.3. Based on the results of microscopy, the examined alloys were divided with respect to their microstructure into hyper-, hypo-, and around-eutectic. The examples of individual microstructures are shown in Fig. 3 .
Microstructure
Deep etching with aqua regia followed by observations under the scanning microscope have proved that the the primary vanadium carbides are crystallising as non-faceted dendrites (Figs. 4(a), 4(b) ). Eutectic grains (Figs. 4(c) , 4(d)), have inside a continuous, ramified skeleton of vanadium carbides. These observations indicate, moreover, that the continuous, ramified skeleton of vanadium carbides is growing out from one common centre ( A relationship between the content of carbon and vanadium corresponding to an around-eutectic structure (the eutectic line in Fig. 6(a) ) is described by the following equation of regression: (2) where C e and V e are carbon and vanadium content in eutectic. The correlation coefficient of this equation is high and equals Rϭ0.996.
A eutectic line obtained in our experiments is plotted in Fig. 6(b) on the phase equilibrium diagram of Fe-C-V alloys given in work. 4) The figure indicates that the points and the eutectic line obtained by experiments are shifted to the left in respect of the phase equilibrium diagram.
The degree of eutectic saturation S c is a quotient of the carbon content in alloy C divided by the carbon content in eutectic C e . Taking this into consideration as well as Eq. (2), the degree of eutectic saturation in high-vanadium cast For S c Ͻ1, S c ϭ1, S c Ͼ1, we obtain hypoeutectic, eutectic and hypereutectic alloys, respectively. The values of the coefficient S c for the obtained alloys are given in Table 1 . dendrites transformed into ferrite in hypoeutectic cast iron. From the figure, it follows that increasing the content of vanadium in around-eutectic cast iron makes the content of eutectic carbide VC x increase ( Fig. 7(a) ), too, while increasing the degree of eutectic saturation reduces the content of the austenite dendrites transformed into ferrite ( Fig.  7(b) ). Table 2 is a compilation of the results of temperature measurements. An example of the cooling curve for highvanadium eutectic cast iron and a differential curve are shown in Fig. 8(a) . From Table 2 it follows that the austenite liquidus temperature, T a , the minimum temperature, T m at the onset of eutectic solidification, and temperature of the beginning, T b as well as the the end, T e of eutectic solidification, increases with increasing content of vanadium and decreasing content of carbon in Fe-C-V alloys.
Thermal Analysis
Mechanical Properties
The results of the mechanical tests and mean hardness values of the fabricated alloys have been compiled in Table  1 , wherefrom it follows that the matrix type exerts an important effect on the mechanical properties of cast iron. This is clearly visible in Fig. 8(b) , which gives examples of the tensile curves.
According to structure type (except vanadium eutectic) as well as mechanical properties, alloys can be divided into 5 groups (Table 3 ). In general, Table 3 shows that passing from ferritic matrix through granular pearlitic and to lamellar pearlitic matrix, hardness HB, tensile strength R m , and yield strength R 0.2 , increase while plastic properties of alloys represented by elongation A 5 decrease. Moreover, presence of cementite eutectic in structure favours increase in hardness and decrease in plastic properties of alloys. It is worth mentioning that in comparison to typical white cast iron having high brittleness and which are unprocessable by typical machine tools, Fe-C-V alloys (white vanadium cast iron) are workable and show plastic properties (with ferritic matrix) which depend on vanadium carbides fraction (eutectic or primary) and type of matrix (Fig. 9). 
Abrasion Wear Resistance
The results of the tests on abrasion wear resistance of high-vanadium cast iron, determined by the mean abrasion wear coefficient loss of weight, s, are compiled in Table 4 . The results from test P1 were compared with the abrasion wear resistance of Hadfield cast steel; a specimen of this material was designated as H. From the conducted tests it follows that, as in the case of mechanical properties, the abrasion wear resistance of this alloy is to a great extent dependent on the type of its matrix. The results obtained in test P1 can be divided into three groups, shown on a diagram in Fig. 10 . The first group is high-vanadium cast iron (Cϭ1.53-1.60%, Vϭ10.9-14.7 %) from melts designated by numbers 4, 5, 9, characterised by the lowest abrasion wear resistance (sϭ3.14-3.54 mg/m). This group of alloys has either a purely ferritic matrix or a ferritic matrix with small areas of granular pearlite and the lowest hardness (182-189 HB (Table 4 and Fig. 10 ), a general statement can be made that the abrasion wear resistance in test P2 is higher than in test P1. This is due, first of all, to the different type of abrasion wear prevailing in each of the two tests. Like in test P1, also in test P2 the cast iron of a ferritic matrix (melts nos. 4, 5, 9) is characterised by the highest abrasion wear (sϭ8.75-31.81 mg/m), while the highest abrasion wear resistance (sϭ1.11-1.25) offer the specimens from melt no. 20. The remaining specimens were characterised by a moderate abrasion wear resistance, the difference between the moderate and poor abrasion wear resistance assuming almost tenfold values.
Conclusions
(1) In high-vanadium cast iron (Cϭ1.38-4.16% and Vϭ5.25-15.5 %) the following phases have been identified: alloyed ferrite, alloyed cementite, VC x carbides and the constituents in its matrix: alloyed ferrite, granular pearlite, and lamellar pearlite as well as a mixture of alloyed ferriteϩgranular pearlite, granular pearliteϩlamellar pearlite.
(2) The mechanical properties of high-vanadium cast iron and its abrasion wear resistance mainly depend on the type of matrix.
(3) Dependent on the matrix, Fe-C-V alloys are characterised by a ultimate tensile strength in the range of R m ϭ433-839 MPa, yield strength R 0.2 ϭ185-655 MPa, hardness HBϭ174-474 combined with elongation A 5 ϭ0.2 do 7.2 %.
(4) It is possible to obtain high-vanadium cast iron of abrasion resistance higher than that of Hadfield cast steel.
